In this work we present a method to identify possible members of globular clusters using data from Gaia DR2. The method consists of two stages: the first one based on a clustering algorithm, and the second one based on the analysis of the projected spatial distribution of stars with different proper motions. In order to confirm that the clusters members extracted by the method correspond to actual globular clusters, the spatial distribution, the vector point diagram of the proper motions and the colourmagnitude diagrams are analysed. We apply the developed method to eight clusters: NGC 1261, NGC 3201, NGC 6139, NGC 6205, NGC 6362, NGC 6397, NGC 6712 and Palomar 13; we show the number of members extracted, the mean proper motions derived from them and finally we compare our results with other authors. In order to analyse the efficiency of the extraction method we perform an estimation of the completeness and the degree of contamination of the extracted members.
INTRODUCTION
Since stellar clusters are groups of gravitationally bound stars, their members are expected to occupy a rather small volume of space and to share their kinematic properties. Therefore, when space positions and velocities of stars are measured in a region of the sky containing a stellar cluster, field stars (foreground and background) will show a uniform distribution in the sky while the stars in the cluster will lie in a small region. In velocity space the field stars will show a well determined random distribution if the field is rich and a more spread and irregular distribution if the number of them is small, instead, the cluster stars always lie concentrated in a very small region. Based on these elementary characteristics, most galactic clusters have been primarily detected by an overdensity of the projected positions of stars on the sky. Several methods using also proper motions information were developed in order to separate the true members of the cluster from the field stars. Some on them are parametric methods -e.g. Vasilevskis et al. (1965) -and others are nonparametric -e.g. Galadí-Enríquez et al. (1998) The Hipparcos mission (ESA 1997) for the first time provided high quality 5-parameters astrometric data (celestial coordinates, proper motion and parallax) of individual stars that led to unprecedent accuracy in the determination of their distances and tangential space velocities. Although it was limited to about 120000 stars in the solar neighbourhood, some near open clusters could be studied with great detail. The successor of Hipparcos, the Gaia mission (Gaia Collaboration et al. 2016 ) is making a significant improvement in the quality and quantity of astrometric and photometric data for individual stars. The Second Gaia Data Release (hereafter Gaia DR2) Gaia Collaboration et al. (2018a) allows detailed studies of the properties of galactic and extragalactic stellar systems, e.g. Gaia Collaboration et al. (2018b) , Cantat-Gaudin et al. (2018a) , Cantat-Gaudin et al. (2018b) and Soubiran et al. (2018) .
In this work we develop and test a method to identify possible members of globular clusters from Gaia DR2 that consists of two stages: the first one is based on a clustering algorithm applied in a multi-dimensional space of physical parameters, for instance positions, proper motions and parallaxes. In most of the analysed clusters this stage alone cannot find all the members, so a second stage with a different approach is necessary in order to extract the members that have not been found up to this point. This second stage is based on the analysis of the projected spatial distribution of stars with different proper motions around the mean proper motion of the cluster. Finally, we estimate the completeness and the degree of contamination, i.e. the fraction of expected members that were extracted and the number of field stars that could have been erroneously labelled as members, respectively.
We selected the clusters in this work by the fact that we have worked, or we are working on them. Namely NGC 3201 (Arellano Ferro et al. 2014 ), NGC 6362 (Arellano Ferro et al. 2018 , NGC 6205 (Deras et al. 2019) , NGC 6397, NGC 6139, NGC 1261, NGC 6712 and Palomar 13 (Yepez et al. 2019) . Their coordinates are shown in Table 1 .
METHODOLOGY
The extraction of the members of each cluster was performed in two stages. In this section we describe them in some detail.
First stage
The aim of this stage is to found groups of stars with similar characteristics in positions and/or motions. It was developed testing the different codes existing in Python for all the clustering algorithms provided by Scikit-Learn (Pedregosa et al. 2011) , namely: K-means, affinity propagation, mean-shift, spectral clustering, hierarchical clustering, DB-SCAN, gaussian mixtures and BIRCH. Each clustering algorithm was tested on different multidimensional spaces involving celestial coordinates (α, δ) or their gnomonic projection (X t , Y t ), proper motions (µ α * = µ α cosδ, µ δ ) or tangential velocities (Vt α , Vt δ ), and parallaxes ( ) or distances (R) as well as rectangular barycentric coordinates (X, Y, Z). For instance in two dimensions:
The initial tries were performed on the fields of wellknown near open and globular clusters. After these tries we noticed that when using parallaxes data, their relatively large uncertainty increased the dispersion of the entry data, consequently reducing the efficiency of the clustering algorithms. Therefore, we decided not to use parallaxes nor parameters computed from them, namely distances, rectangular barycentric coordinates and tangential velocities. Furthermore, since the geometry of spherical coordinates causes that clusters at different declinations (or latitudes when working in galactic coordinates) be treated in different ways, we chose to use tangential plane coordinates (X t , Y t ) instead of celestial coordinates. We finally decided to run the clustering algorithms in the four-dimensional space [X t 
This first stage consists of several steps that are briefly summarized here:
• Download Gaia DR2 in a cone around the cluster with radius around two tidal radii from Kharchenko et al. (2013) and compute the gnomonic projection of the celestial coordinates: (X t , Y t ) (Astropy Collaboration et al. 2013 .
• Pre-process the data (X t , Y t , µ α * , µ δ ) using RobustScaler in Scikit-Learn, in order to remove outliers and normalize the different dimensions. This normalization is necessary because the very different range of the values of coordinates and proper motions.
• Run the BIRCH clustering algorithm (Zhang, Ramakrishnan & Livny 1996) in the 4D space:
• Fit a 4D gaussian distribution with the candidate members of every cluster identified by the algorithm.
• Discard candidate members that lie outside the 3σ ellipsoid and fit a new 4D gaussian distribution.
• Retain as candidate members of the cluster only the stars within the 3σ ellipsoid of the last fitted gaussian distribution.
• Plot the space distribution, the vector point diagram -hereafter VPD-and the color magnitude diagram in Gaia DR2 photometric system (Gmag, BPmag − RPmag) -hereafter CMD-with the possible members of the clusters found.
• Verify that the space distribution, the VPD and the CMD are consistent with those of a stellar cluster. This is the only step in this stage that is still performed by a human being.
The results of the first stage of the membership determination on six globular clusters are displayed in Figure 1 . The candidate member stars of all the clusters in Figure 1 show: projected spatial positions that correspond to a spherical distribution, proper motions that are very concentrated as expected in the VPD of a globular cluster, and a CMD with the characteristic features of a globular cluster, e.g. the turn-off, the red giant branch and the horizontal branch. As can be noticed from the VPDs in Figure 1 , there are different situations regarding the distribution of the proper motions of the cluster members relative to that of the field stars: the proper motions of the members of NGC 3201 and NGC 6397 are clearly separated from the proper motions of the field stars, while in the remaining clusters both distributions are overlapped. Furthermore, in NGC 1261 and NGC 6205 the mean proper motion of the cluster is very close to the mean proper motion of the field stars.
This first stage was employed by Deras et al. (2019) to find the most likely members of the globular cluster NGC 6205 in order to build a clean CMD and to confirm the membership status of all known variable stars.
It is well known from studies on the density profiles of globular clusters (de Boer et al. 2019 ) that they do not have definite borders, and diffuse stellar envelopes have been found surrounding some of them (Kuzma et al. 2018) . However, it can be seen in Figure 1 that after the application of this stage, sharply defined borders are observed in the fields and in the VPDs. It must be noticed that they do not reflect physical features of the clusters, since they are a consequence of the 3σ cut imposed to the ellipsoid in the 4D space [X t , Y t , µ α * , µ δ ]. Therefore, there are members outside those artificial borders that will be extracted in the second stage with a different approach not based on any clustering algorithm.
Second stage
Any method for the determination of the members of a cluster could include some field star as members or vice versa. In order to estimate the number of missing members we computed the radial density projected on the sky of all the stars in the field with measured proper motions. As an example, in Figure 2 we show the radial density profile in the field of radius 40 around the centre of NGC 6205 that contains 40083 stars with measured proper motions. Here the background density was estimated to be 1.8 stars/arcmin 2 , therefore the studied field is expected to have 9000 field stars and 31000 members of the cluster, however the first stage extracts only 23070 possible members, a number significantly less than expected. Table 2 summarizes the results of similar analysis performed in all the fields studied in this work and the number of members extracted in the first stage.
It is expected that field stars show a uniform spatial distribution, but instead in most of the fields we found that the stars not identified as members in the first stage show a residual overdensity in the same position of the cluster, and also a residual concentration in the VPD around the mean proper motion of the members (see Figure 3 and examples in Appendix A). Notice that the stars corresponding to the peak at the mean proper motion of the members detected in the first stage lie at the outskirts of the cluster and most of them are very likely members. Actually, the stars clustered in proper motions are spread in space, while the ones clustered in spatial positions are spread in proper motions, therefore in at least one of the four dimensions they lie outside the 3σ ellipsoid in the 4D space. That is why the first stage does not detect them.
These observations and the results in Table 2 show that there is a significant number of members that were not detected in the first stage, most of which are expected to be found in this second stage. Only in the case of Pal 13, after the first stage there are no residual overdensities neither in the field nor in the VPD, therefore the second stage was not performed.
For a better understanding of this second stage it is necessary to describe in some detail the morphological characteristics of the distribution in the VPD of the stars that were not detected as members in the first stage around the mean proper motion of the cluster. As can be seen in the lower panel of Figure 3 , it consists of a symmetrical radial distribution with a noticeable central peak without a definite border that is surrounded by a low-density circular area that finishes in a sharp border, after which it decays smoothly outwards. The observed symmetry in this residual distribution suggests that the best way analyse it is by means of rings of increasing radii centred in the mean proper motion of the cluster. It is remarkable to notice that this feature in VPD appears in all the analysed clusters except Pal 13, consequently one may be led to conclude that it is not related to a physical property of the cluster but a consequence of the extraction of members with the first stage of the method.
The second stage also consists of several steps that are briefly summarized here:
• Select rings of proper motions centred in the mean proper motion of the detected members, with increasing radii.
• Compute the radial density projected on the sky of all the stars within each ring of proper motions.
• Determine for every radial density profile the mean density of the background and the radius of the central overdensity.
• From the stars that were not classified as members in the first stage, extract as new members those that lie within each ring of proper motions in the VPD and inside the corresponding central overdensity in the field.
The outer part of all the radial density profiles is approximately constant within their errors computed assuming Poisson noise in the counts. That constant density was assumed as the background density and it was estimated as the average of the density values in that outer part.
For a better description of this stage, in Appendix A we show the application on two examples representing the two different situations mentioned above regarding the proper motions: NGC 1261, where the distribution of the proper motions of the cluster and of the field stars are overlapped, and NGC 3201, where both distributions are well separated. Figure 4 shows all the members of NGC 1261 and NGC 3201 that were extracted after the two stages.
RESULTS
In Table 3 we show the number of members we found in Gaia DR2 for every cluster, their mean proper motions, and the radius from the cluster centre that contains all the detected members (R max ). In this work the mean proper motion of every cluster was computed as the simple average of the individual proper motions of the determined member stars, without any consideration about their errors and covariances. The uncertainties on the mean proper motions were computed considering the contributions due to random and systematic errors. The last ones were estimated using the spatial covariance of proper motions errors derived by Lindegren et al. (2018) . The uncertainties in our work are similar to those in Vas19 since they were calculated following an approach alike, whereas GC18 and BHSB19 do not take systematic errors into account and consequently their formal errors are smaller. Note that some clusters were not analysed by GC18, since their sample is mostly formed by clusters closer than 12kpc. Table 4 shows some rows of the table containing all the sources in Gaia DR2 in the studied fields with their membership status. The full table is available online. Table 2 . Estimation of the number of members of every cluster based on the radial density profiles of stars with measured proper motion. (*) The background density is so high that the uncertainty in the number of field stars is larger than the estimated number of cluster members. (**) It is a very poor cluster, so the uncertainty in the number of field stars is larger than the estimated number of cluster members.
Cluster
Field 
EFFICIENCY OF THE EXTRACTION
In order to analyse the efficiency of the extraction method we perform an estimation of the completeness -fraction of the total number of expected members that is detected-and the degree of contamination of the extracted members -number of field stars that could have been labelled as members of the cluster-.
The developed method relies on the proper motions for the determination of the membership status of every star but there are many stars in Gaia DR2 with no measured proper motions, therefore several cluster members cannot be extracted. By assuming a constant projected background density, and that all the stars above that background are members of the cluster, it is possible to estimate the total number of members that could be found in Gaia DR2, despite their proper motions could have not been measured. Arenou et al. (2018) discuss the completeness of the Gaia DR2 catalog and they show that in very crowded regions the completeness level depends on both magnitude and local density. In the centre of globular clusters they found completeness below 75% at Gmag20, and specifically in the centre of NGC 1261 and NGC 6205 almost all the stars with Gmag>19 are missing in Gaia DR2.
Performing an analysis like that mentioned in the beginning of Section 2.2 but counting all the stars in the field instead of only those with measured proper motion, we obtain the estimations in Table 5 . It must be noticed that the percentages in the last column are upper limits to the actual completeness for the most favourable cases (low density fields), since the incompleteness of the Gaia DR2 catalog itself has not been taken into account in their computations.
On the other hand, since the distributions of field stars and of cluster members are overlapped both in the sky and in proper motions, it is also expected that some field stars could have been erroneously extracted as members. Those stars are what we call contamination of the members. Table 6 shows as field stars (columns 3 and 6) the number of field stars that are expected to be located in the same region of the sky and of the VPD that the extracted members, therefore they could have been erroneously labelled as members. The clusters more affected by contamination are those in the regions with the highest densities of field stars. Note also that in all cases the set of members extracted in the first stage is less affected by contamination than those extracted in the second stage. 
CONCLUSIONS
The method developed was able to extract the members of eight globular clusters in a variety of backgrounds from a sample of Gaia DR2 stars with proper motions. A statistical analysis of members and field stars shows that between 37% and 90% of the expected number of members were extracted, but the number of members not extracted is mostly due to the lack of proper motions in a large fraction of stars. In the fields studied in this work, between 10% and 43% of the stars do not have their proper motions measured in Gaia DR2.
The mean proper motions of the clusters measured with our method are in excellent agreement with those found by other authors that make use of the same input catalogue (Gaia DR2). In addition to that our method extracted between 38% and 98% more members than GC18.
The contamination of the cluster members by field stars was evaluated. In six of the eight studied clusters it was estimated to be between 1% and 7%. Only NGC 6139 and NGC 6712 present significantly larger estimated contaminations, presumably due to the overlap of the proper motions distributions corresponding to the cluster and the field, and the very crowded backgrounds with the highest average projected stellar densities in this study: 51 and 180 stars per arcmin 2 respectively.
The members found by means of the method presented here have been used to successfully clean the colourmagnitude diagrams of the globular clusters NGC 6205 and Pal 13, in order to derive more reliable astrophysical parameters. This method has also been used to confirm the membership of variable stars in NGC 3201, NGC 6205, NGC 6362 and Pal 13 (see references in Section 1). 
A1 NGC 1261
In Figure A1 we show the residual overdensity in the field and the residual concentration in the VPD around the mean proper motion of NGC 1261 after the first stage of members extraction. In this case the distribution of the proper motions of the cluster and of the field stars are overlapped, a different situation of that shown in Figure 3 where the distributions are clearly separated.
In the first stage we found 3024 members with mean proper motion µ α * = 1.6756mas/yr, µ δ = −2.0440mas/yr. We selected the stars in Gaia DR2 in rings of proper motions centred in this mean proper motion with increasing radii as shown in Figure A2 .
We computed the radial density projected on the sky of all the Gaia DR2 stars within each ring of proper motions, some of which are shown in Figure A3 . It is important to notice that the stars in the innermost rings (proper motions very close to the mean proper motion of the cluster) fill a wider region on the field, while the stars in the outermost rings (larger differences in proper motions relative to the mean) are very concentrated in the central region of the cluster. This fact reflects the high velocity dispersion in that region.
From the list of stars that were not classified as members in the first stage, we select those inside each ring of proper motions that in the field are lying within the radius of the central overdensity corresponding to that ring, and we add them to the list of members of the cluster. As result of this stage 2234 more members were extracted. The distribution of the resulting field stars is shown in Figure A4 , where there is no residual overdensity in the field nor residual concentration in the VPD, and the CMD does not show the typical features of a globular cluster.
Other way of verifying that the number of missing members is neglectable is by performing radial counts of the field stars that increases linearly with the radius if they have a constant density, as can be seen in Figure A5 . 
A2 NGC 3201
In Figure A6 we show residual overdensity and the residual concentration in the VPD around the mean proper motion of NGC 3201. In this case the distribution of the proper motions of the cluster and of the field stars are well separated, a situation like that of NGC 6397 shown in Figure 3 .
In the first stage we found 22200 members with mean proper motion µ α * = 8.3170mas/yr, µ δ = −1.9612mas/yr. We selected the stars in Gaia DR2 in rings of proper motions centred in this mean proper motion with increasing radii as shown in Figure A7 .
We computed the radial density projected on the sky of all the Gaia DR2 stars within each ring of proper motions, some of which are shown in Figure A8 .
From the list of stars that were not classified as members in the first stage, we select those inside each ring of proper motions that in the field are lying within the radius of the central overdensity corresponding to that ring, and we add them to the list of members of the cluster. As result of this stage 9336 more members were extracted. The distribution of the resulting field stars is shown in Figure A9 , where there is no residual overdensity in the field nor resid- Figure A7 . Rings in the VPD with increasing proper motions: 0 to 1 mas/yr, 1 to 2 mas/yr, 2 to 3 mas/yr, 3 to 4 mas/yr, 4 to 5 mas/yr, 5 to 6 mas/yr, 6 to 8 mas/yr and 8 to 10 mas/yr.
ual concentration in the VPD, and the CMD does not show the typical features of a globular cluster. As in the previous section (NGC 1261) we performed the radial count of the field stars and we verified that it increases linearly with the radius as expected for a constant density ( Figure A10 ). Note that the radial count of the cluster members is smooth, while the radial count of the field stars is noisier. This paper has been typeset from a T E X/L A T E X file prepared by the author. Figure A10 . Radial counts of field stars (blue cross), members of the cluster (red plus) and all Gaia DR2 stars with measured proper motions (black dots) in the field of NGC 3201. Notice that most of Gaia DR2 stars in this field are cluster members.
